Calcium is an important component of materials, metalloproteins, minerals, glasses, and small inorganic and organic complexes. However, NMR spectroscopy of the quadrupolar 43 Ca nuclide remains difficult primarily due to its low natural abundance and low resonance frequency. In this Perspective, experimental challenges and recent successes in the field are highlighted, with a focus on solid-state 43 Ca NMR spectroscopy. Solution 43 Ca NMR studies of calcium-binding biomolecules are also presented. The structural insights afforded from quadrupolar and chemical shift parameters are examined. For example: isotropic chemical shifts have been shown to correlate with the mean Ca-O distance and also with calcium coordination number; quadrupolar coupling constants and chemical shift tensor spans have been shown to be useful probes of polymorphism; and, distance measurements involving 43 Ca have been recently demonstrated. Lastly, challenges and opportunities for the future are considered.
Introduction
Calcium is an important element in diverse areas of science ranging from biochemistry to materials chemistry to geology. For instance, calcium-binding proteins such as calbindin and calmodulin play essential roles in calcium transport and in the regulation of various cellular processes.
1 Calcium ion transport protein mutations can disrupt channel function and are implicated in various diseases. A recent review of calcium in biological systems is a useful source of information.
2 Calcium is one of the most abundant elements in the earth's crust, and is found in numerous minerals. For example, hydroxyapatite is a naturally-occurring calciumcontaining mineral which is a key constituent of bone. 3 In materials chemistry, calcium finds many uses including bio-implant 4 and battery applications. 5 Regardless of whether one is concerned with inorganic compounds or biochemical systems, calcium is most often found in its doubly charged cationic form, i.e., Ca 2+ . All discussion in the present article refers to Ca 2+ . The nuclear magnetic resonance (NMR) properties of the only spin-active calcium isotope, 43 Ca, are presented in Table 1 .
6,7
This isotope has a quadrupolar nucleus, meaning that the nuclear spin quantum number (I) is greater than 1/2; for 43 Ca, I = 7/2. Therefore, in addition to the magnetic shielding interaction which leads to chemical shifts, the NMR spectra of 43 Ca will additionally be affected by the nuclear electric quadrupolar interaction. In this Perspective, the primary focus will be on solid-state nuclear magnetic resonance (SSNMR) studies; however, important solution 43 Ca NMR studies of calcium-binding biomolecules will also be addressed.
The magnetic shielding interaction and chemical shifts
The magnetic shielding interaction may be described by a secondrank tensor (r). Experimentally, one measures chemical shifts rather than magnetic shielding with NMR spectroscopy. Elements of the magnetic shielding tensor (s ii ) and the chemical shift 33 . Typically only the isotropic chemical shift is accessible from solution NMR experiments; however, the anisotropy, if large enough, may play a role in nuclear spin relaxation. In the solid state, it is possible in principle to measure the three principal elements of the CS tensor. Measuring the elements of the CS tensor has the potential to provide information on the local bonding environment of the calcium cation (e.g., geometry, symmetry, electronic structure). Furthermore, the orientation of the CS tensor principal axis system (PAS) with respect to an external frame (e.g., another interaction frame or the molecular frame) offers further opportunity to understand the calcium binding environment. 
Electric field gradients and the nuclear electric quadrupolar interaction
Classically, the nuclear quadrupole moment, Q, quantifies the nonspherical charge distribution in the 43 Ca nucleus. The electric field gradient (EFG) at the nucleus due to the surrounding crystal lattice is described by a symmetric, traceless second-rank tensor (V), and this couples with the quadrupole moment. In the PAS of the EFG tensor, the diagonal elements are |V 33 | ≥ |V 22 | ≥ |V 11 |. Typically this nuclear electric quadrupolar interaction is described by the quadrupolar coupling constant, C Q , and the asymmetry parameter, h:
where e is the fundamental charge and h is the Planck constant.
The 43 Ca quadrupolar parameters, measured either through line shape fitting of SSNMR powder patterns or through relaxation studies in solution, offer information which is complementary to that obtained from chemical shift measurements. Since Ca 2+ features a closed-shell electronic configuration, an isolated Ca 2+ ion, or one which sits on a site of high symmetry (e.g., O h ), will experience no electric field gradient and the quadrupolar coupling constant will be zero. As the EFG deviates from zero, second-order quadrupolar broadening is manifested in the SSNMR spectrum and lineshape simulations will yield the value of C Q . This value is therefore indicative of the symmetry and distribution of electric charge in the surrounding crystal lattice.
Typical chemical shifts and quadrupolar parameters obtained from 43 Ca SSNMR studies are presented in Table 2 . The total known range of isotropic chemical shifts covers about 200 ppm, CS tensor spans range from zero to 70 ppm, 8 and quadrupolar coupling constants range from zero to about 4.3 MHz.
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Relaxation of 43 Ca in solution Solution 43 Ca NMR studies of calcium-binding proteins in particular have relied upon interpreting the relaxation of 43 Ca to extract information concerning the 43 Ca quadrupolar coupling constants, binding constants (K D ), rate constants, and rotational correlation times (t C ). It is assumed that the quadrupolar mechanism dominates relaxation. The reader is referred to the reviews by Drakenberg 10 and by Aramini and Vogel 11 for further details. For relatively small proteins studied in standard magnetic field strengths, 43 Ca relaxation falls in the "near-extreme narrowing" condition (w 0 t C ª 1, where w 0 is the Larmor angular frequency). For example, at B 0 = 11.75 T, w 0 ( 43 Ca) = 211.83 ¥ 10 6 rad s -1 and 
34
so for a protein with t C = 6.0 ns (e.g., equine lysosyme 12 ), w 0 t C = 1.27. In this regime, the relaxation rate constants R 1 and R 2 are related to C Q and t C as shown below. Here, the asymmetry of the EFG tensor is assumed to be negligible. 
Experimental considerations
Why is 43 Ca NMR spectroscopy challenging?
Great advances have been made in recent years in the SSNMR spectroscopy of quadrupolar nuclei and of low-frequency nuclei. The two most important advances are: (i) the availability of spectrometers with increasing magnetic fields, and (ii) the development of radio frequency pulse sequences which provide signal enhancement. Higher magnetic fields increase the Boltzmann population difference across the central transition (CT; m I = +1/2 ↔ -1/2) and therefore increase the sensitivity of the NMR experiment. Radio frequency pulses may be used to accomplish this same goal of increasing sensitivity by increasing the population difference across the CT. In short, a shaped pulse or pulse sequence is typically used to saturate or invert the satellite transition populations, which results in an increase in the population difference across the CT. For example, MacKenzie et al. have applied the rotor-assisted population transfer (RAPT) method recently to acquire 43 Ca magic-angle spinning (MAS) NMR spectra of calcium-containing inorganic polymers. 13 In principle, appropriate inversions of the various satellite populations should lead to a signal enhancement of 7 for the 43 Ca CT. However, signal enhancement methods for spin-7/2 nuclei like 43 Ca have not been widely applied in part because under MAS conditions it can be difficult to invert the various satellite transition populations in a predictable manner and order.
14 It will likely be difficult to achieve maximum signal enhancement on an unknown sample since the frequencies associated with each of the satellite transitions are unknown a priori. Furthermore, examination of signal enhancement factors reported for various half-integer spins using population transfer experiments suggests that indeed it is more difficult to achieve reliable results with higher-spin nuclides.
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While studies of traditionally difficult low-frequency and quadrupolar nuclei have substantially expanded, 43 Ca remains as one of the more challenging, yet still accessible, nuclides to study by NMR. The reasons for this may be understood by examining the properties of the 43 Ca nuclide relative to other comparable nuclides ( Table 1) . The other nuclides presented have at least one property which is comparable to 43 Ca, yet they are all easier to observe using NMR spectroscopy. The receptivity of 43 Ca relative to 1 H is 8.68 ¥ 10 -6 , i.e., it is almost a million times less receptive than 1 H! This means that the time required to record a 43 Ca NMR spectrum with a usable signal-to-noise ratio is very long compared to NMR studies which are familiar to most synthetic chemists. The main contributing factor is the low natural abundance of 43 Ca, 0.135%. There are simply not enough NMR-active calcium nuclei in a given sample to give a reasonable NMR spectrum in a short time. The relatively low frequency of 43 Ca (about 61 MHz in a 21.1 T magnet where protons resonate at 900 MHz) is an additional problem, both due to the Boltzmann distribution and due to technical issues associated with acoustic ringing in the probes used to receive the NMR signal. Often, specialized probes are required. As mentioned by Drakenberg in the context of solution 43 Ca NMR, "there seem to be no probes for this purpose available from the NMR vendors". 10 For our own 43 Ca NMR studies of solids, we have had specialized probes built by Bruker Biospin or built in-house at the National Ultrahigh-Field NMR Facility for Solids (www.nmr900.ca).
Hundreds of milligrams are desirable to obtain usable 43 Ca NMR spectra of powdered samples at natural abundance. The signal increases linearly with the number of spins in the sample, and the time required to obtain a useful signal-to-noise ratio will additionally depend on the applied magnetic field strength and the relaxation time constant T 1 of 43 Ca. Means to improve the feasibility of 43 Ca SSNMR experiments therefore include: running the experiments in the highest possible magnetic field, decreasing the T 1 , increasing the sample volume, and/or 43 Ca isotopic enrichment.
For example, at 8.46 T, with a sample volume of 2.4 mL, several days of signal averaging with up to 750 000 transients were required in the first study of compounds at natural abundance. 27 Wong et al. report experimental times on the order of 12-48 h for other natural abundance powdered samples at 8.45 and 14.1 T, with 9.5 mm outer diameter rotors. 16 Compounds giving rise to narrower resonances will afford spectra of a given signal-to-noise ratio in less time. At ultrahigh-fields, e.g., 21.1 T, the situation can be improved somewhat; 8,17 however, one must be aware that T 1 will also typically be longer at higher field. Calcium-43 has a small quadrupole moment relative to most other quadrupolar nuclides, and quadrupolar relaxation is often not as rapid as for some of these other nuclides. Most studies use recycle delays on the order of 1-5 s; however, it is clear that T 1 is often longer than this, as shown in Fig. 1 for calcite where even 10 s likely does not afford complete relaxation. Decreasing T 1 could be achieved in a few different ways, though this does not appear to have been actively pursued to date. For example, cross-polarization from the proton spin reservoir would allow the experiment to be repeated in accordance with the T 1 of the protons. One could also envisage doping samples with a paramagnetic impurity, as done for example by Ellis and co-workers in their 67 Zn SSNMR studies. 18 This idea has been pursued in the 43 Ca MAS NMR study of Angeli et al. of glasses, wherein < 0.1 wt% Gd 2 O 3 was added during sample preparation.
9 A general approach for observing dilute half-integer spin quadrupolar nuclei has been presented by Lipton, Sears, and Ellis.
19 In addition to some of the above-mentioned points, their report also describes in detail the practical aspects and advantages of working at cryogenic temperatures to boost the population difference across the CT. 43 Ca magic-angle-spinning NMR spectra of powdered calcite collected at 21.1 T with different recycle delays. Each spectrum is the sum of 5120 scans. The breadth and shape of the resonance are due to second-order quadrupolar effects. A best-fit simulated spectrum is shown above. Reproduced with permission from reference 8.
Isotopic enrichment with 43 Ca has the potential to provide the most drastic increase in signal-to-noise; however, this option remains quite expensive in most instances. One recent quotation I have received is for $220/mg of elemental calcium enriched to 62% in 43 Ca. In the case of solution NMR studies of calcium-binding proteins, the use of isotopic enrichment is somewhat more feasible since a stock solution can simply be prepared from a source such as 43 CaCO 3 . This is typical in such studies. For systematic studies of series of small molecules, where synthesis may be required, the expense of 43 Ca isotopic enrichment can become prohibitive.
Chemical shift referencing
The IUPAC-recommended chemical shift reference for 43 Ca is a 0.1 M solution of CaCl 2 in D 2 O.
6 Amusingly, this sample is too dilute to be useful as a reference and it has been reported that 8 h are required to obtain a useable signal at 8.45 T with a 9.5 mm diameter rotor! 20 This would be enough to discourage anyone from pursuing further 43 (Fig. 2) .
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It had been proposed that a saturated CaCl 2 solution be used as a chemical shift reference; however, it soon became apparent that "saturated" or highly concentrated solutions prepared in different labs or on different days could yield substantially different chemical shifts (a range of several ppm). In light of the 1981 report of Farmer and Popov 24 which describes the dependence of the 43 Ca resonance frequency on solute concentration for a series of calcium salts, the variation is not surprising. As a result, one must use caution when comparing chemical shifts reported by different research groups. The current consensus within the SSNMR community is to use a 1.0 M solution of CaCl 2 in H 2 O as the chemical shift reference at 0 ppm. On this scale, solid CaO, which provides a convenient secondary reference due to the sharpness of its 43 Ca resonance, appears at 136 ppm.
Fig. 2 Natural abundance 43 Ca NMR spectra of CaCl 2 solutions in H 2 O, and a magic-angle-spinning NMR spectrum of solid powdered CaO (top). All spectra were acquired at 14.1 T. The shaded bar highlights the range of peak positions observed for various preparations of a "saturated" solution (see main text for discussion). Reproduced with permission from reference 20.
Survey of data and discussion
Calcium-43 NMR has been used to study diverse compounds including simple salts, 43 Ca NMR studies of calcium-binding proteins in solution.
10 Discussed below are some recent highlights and important papers which elucidate the development of the field.
Solid-state 43 Ca NMR Studies
The first 43 Ca NMR study of a solid sample appears to be that of Bryant et al., which appeared in 1987. 32 In this study, an impure calcium acetate sample enriched to 50% in 43 Ca was analyzed by MAS and cross-polarization MAS (CP/MAS) NMR. Crosspolarization from 1 H is a common method for enhancing the sensitivity of a dilute spin-1/2 nucleus (e.g., 13 C, 29 Si), but there can be complications for quadrupolar nuclei, particularly those of higher spin quantum number. Long contact times (e.g. up to 70 ms) 32 are anticipated for 43 Ca due to its small magnetic moment. It is somewhat surprising then that this first study endeavoured to apply these methods, given that CP/MAS is still not a common experiment for 43 Ca studies some 23 years later. In fact, in the seminal application of 1 H- 43 Ca CP/MAS, the sample and the stator were destroyed in a "catastrophe apparently [resulting] from very severe heating from the rf load".
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It took ten years for a follow-up study on solid compounds of natural abundance in 43 Ca. 27 The pioneering study by Dupree et al. Presented in Fig. 3 is a summary of experimental 43 Ca chemical shifts vs. mean Ca-O distances for organic and inorganic solids. The chemical shifts were obtained for powdered samples, typically under MAS conditions, and the Ca-O distances are taken from X-ray crystal structures. There is clearly a trend of increasing chemical shift with decreasing Ca-O distance, and this trend becomes more clear when the compounds are separated into particular classes (e.g., organics, aluminates and silicates, other inorganics).
The relationship between d iso and mean Ca-O distance has been investigated computationally as well. The scatter in the data prompted us to study, and confirm, via systematic gauge-including projector-augmented wave (GIPAW) DFT calculations 53,54 that the average Ca-O distance was indeed the dominant structural feature correlated with the value of d iso . 8 Gervais et al. applied the PARATEC code to calculate magnetic shielding constants for various inorganic compounds. 20 The 43 Ca chemical shifts were found to be correlated to the mean Ca-O distance with slopes as follows: -300 ppm/Å for silicates, -190 ppm/Å for phosphates, -310 ppm/Å for aluminates, and -810 ppm/Å for borates. Wong et al. presented HF/6-31G* calculations on a series of organic calcium complexes as well as calcium-bound proteins.
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The slope they obtained is -154 ppm/Å . This work also reported a correlation between computed chemical shifts and the Ca-O coordination number and between d iso and the number of inner shell water molecules (Fig. 4) .
Due to the quadrupolar nature of 43 Ca, a residual secondorder quadrupolar broadening of the CT exists even under MAS conditions (Fig. 1) . The two-dimensional multiple-quantum magic-angle spinning (MQMAS) NMR experiment removes this broadening and therefore increases spectral resolution in the indirectly detected dimension. 55 MQMAS is known to be a relatively low-sensitivity method; nevertheless, 43 Ca MQMAS spectra have been presented over the past few years, and applied to address important structural questions.
42,44,48-50 All reports to date unsurprisingly rely on material which has been isotopically enriched in 43 Ca. Triple-quantum, 5Q, and 7Q versions of the experiment have all been implemented. Shimoda and co-workers have applied these methods to understand the calcium sites in amorphous slags and silicate glasses.
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The septuple-quantum experiment, performed at 21.8 T, impressively enabled resolution of three calcium sites in CaSiO 3 glass (see Fig. 5 ). 49 While this 7Q experiment provides lower signal-to-noise than the 3Q and 5Q versions, the former was key to resolving these three sites. On the basis of comparisons with literature data for crystalline compounds, it was suggested that the calcium ions are mainly in 7-and 8-fold coordination sites. Similar conclusions, with evidence also for six-coordinate sites, were reached for amorphous silicate slags.
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Triple-quantum MAS has also been applied to provide insight into the calcium binding sites of hydroxyapatite.
42, 44 These experiments form part of a detailed 43 Ca SSNMR study of this material by Laurencin, Smith, and co-workers.
42-44,56
Two crystallographically distinct calcium binding sites were resolved both by 43 Ca 3QMAS and by deconvolution of a one-dimensional MAS spectrum obtained at 18.8 T. The spectral parameters were successfully assigned to specific sites in the crystal structure mainly on the basis of the relative intensities of the two signals. Site Ca(I) is characterized by a chemical shift of 4.5 ± 0.8 ppm relative to 1.0 M 43 Ca SSNMR for the study of cement-based materials. 17 The results support the idea of using layered crystalline calcium silicate hydrates as models for the calcium silicate hydrates which form during the hydration of Portland cement. At 21.1 T, using a 7 mm o.d. rotor, MAS NMR experiments were performed on powdered samples of anhydrous beta di-calcium silicate (b-C 2 S), triclinic and monoclinic tri-calcium silicate (C 3 S), hydrated tri-calcium silicate, and a series of synthetic calcium silicate hydrates of different composition. For b-C 2 S, two crystallographic sites were resolved and lineshape fitting provided the following parameters: Ca(1), d iso = 33.7 ppm, C Q = 2.41 MHz, h = 0.65; Ca(2), d iso = 53.8 ppm, C Q = 2.98 MHz, h = 0.7. Results from GIPAW DFT calculations implemented in the CASTEP program 53, 54 were in good agreement with these data, and supported the assignments to specific crystallographic sites. The trend noted above, that higher chemical shifts correlate with shorter average Ca-O distances, is qualitatively followed in b-C 2 S. Tricalcium aluminate (C 3 A) presents a challenge in that there are six crystallographically unique calcium sites and so six resonances are expected in the SSNMR spectrum. Notably, four of these sites were resolved in the 1D 43 Ca MAS NMR spectrum at 21.1 T. The triclinic and monoclinic polymorphs of C 3 S pose an even more daunting challenge as there are 29 and 36 calcium resonances expected, respectively. Although this large number of sites was not fully resolved, the spectra very clearly differentiate between the two polymorphs. The applicability of 43 Ca SSNMR to distinguish between polymorphs will be further discussed below.
The sensitivity of 43 Ca SSNMR spectra to polymorphism was noted in Dupree's 1997 study. 27 The isotropic chemical shifts and quadrupolar coupling constants for the calcite and aragonite polymorphs of calcium carbonate were shown to be substantially different from each other ( Table 2 ). In general, SSNMR spectroscopy is sensitive to polymorphism because the different crystal packing effects for different polymorphs generally have different effects on the magnetic shielding and EFG tensors. The issue of polymorphism in CaCO 3 was further probed by my group in a study where calcite and the metastable polymorph vaterite were characterized in natural abundance at 21.1 T. 8 In the case of calcite, we were able to completely characterize the calcium binding site in terms of the quadrupolar parameters, the chemical shift tensor, and the relative orientation of the two PASs (see Fig. 6 ). Because of the S 6 symmetry at the calcium in calcite, it 43 Ca NMR spectrum of solid powdered calcite obtained at 21.1 T under stationary conditions. Simulated spectra in each case are based on a CS tensor skew of 0.9, a quadrupolar coupling constant of 1.39 MHz and a quadrupolar asymmetry parameter of 0. In parts (a), (b), and (c), the angle b between the largest components of the EFG and magnetic shielding tensor is varied to produce simulated spectra; the best fit is obtained for b = 0
• . In parts (d), (e), and (f), the CS tensor span is varied in the simulations from 0 to 8 to 16 ppm; the best fit is obtained for X = 8 ppm.
Reproduced with permission from reference 8. was possible to infer the absolute orientation of the CS tensor with respect to the molecular framework. Interestingly, for the three polymorphs, substantially different chemical shifts, quadrupolar coupling constants, and CS tensor spans were obtained. The value of d iso ranges from -26 ppm for aragonite to 12.6 ppm for vaterite to 21.6 ppm for calcite. This is remarkable given that the total known chemical shift range for calcium in all compounds is only on the order of 200 ppm. The value of C Q ( 43 Ca) ranges from less than 0.68 MHz (aragonite) to 1.39 MHz (calcite) to 3.7 MHz (vaterite) while the CS tensor span ranges from 8 ppm (calcite) to 57 ppm (aragonite) to about 70 ppm (vaterite). The trends differ for the different NMR interactions, indicative of the fact that they report on different aspects of molecular and crystal structures.
Another issue addressed in the study of vaterite was the question of the most appropriate space group in which to represent its crystal structure. 8 Hexagonal P6 3 /mmc and orthorhombic Pbnm space groups had been proposed. To address this question by 43 Ca NMR spectroscopy, GIPAW DFT calculations were performed on compounds with known crystal structures and with available 43 Ca NMR parameters (e.g., d iso and C Q ). In this manner, the reliability of the calculations was established. The same computational method was then applied to cross-validate various possible structures for vaterite: orthorhombic, hexagonal, as well as some computationally-optimized structures from the literature. The results clearly showed that the experimental data agreed best with a hexagonal P6 3 /mmc space group (Fig. 7) . This combined experimental and computational approach to obtaining structural information is powerful, and represents a qualitative example of the sort of information one can glean from "NMR crystallography" approaches. 57 Laurencin et al. have further pursued the application of 43 Ca SSNMR methods to extract semi-quantitative structural information.
34 Ca-43 enriched (60%) calcium benzoate trihydrate was used as a model organic calcium complex for which the calcium binding environment resembles that found in calciumbinding proteins. A combination of 43 Ca NMR of MAS and static powder samples, GIPAW DFT calculations, and experiments to measure 43 Ca-13 C distances and connectivity (transferred-echo adiabatic-passage double-resonance (TRAPDOR) and heteronuclear J-spin-echoes) were successfully applied to demonstrate the wealth of structural information which is available, despite the ever-present challenges associated with 43 Ca NMR spectroscopy. Shown in Fig. 8 are the results of the TRAPDOR experiments which enabled qualitative distance measurements involving 13 C spins over 5.6 Å away.
The small quadrupole moment of 43 Ca can be considered a boon or a bane in SSNMR studies. On the one hand, this results in relatively narrow resonances which get narrower at higher magnetic field. On the other hand, the increased sensitivity and resolution at higher field is concomitant with a loss of the secondorder line shape under MAS conditions. This means that it is more challenging to determine the quadrupolar parameters from a standard MAS NMR experiment at a single high applied magnetic field. Multi-field studies or nutation spectroscopy allow one to recover the quadrupolar information. However, for challenging cases where only the highest fields will provide the sensitivity required, quadrupolar information becomes more and more difficult to extract. Fortunately, in high magnetic fields the anisotropy in the CS tensor becomes more feasible to measure, and the span and skew may become more frequently measured spectroscopic parameters as commercially available magnetic fields continue to increase. 38 Through relaxation studies, they determined the 43 Ca quadrupolar coupling constants and rotational correlation times for parvalbumin (C Q = 1.3 ± 0.2 MHz; t C = 4.0 ± 1 ns), calmodulin (C Q = 1.15 ± 0.05 MHz; t C = 8.2 ± 2 ns), and troponin C (C Q = 1.05 ± 0.05 MHz; t C = 11.0 ± 2 ns). As has been observed generally from 43 Ca relaxation studies, the correlation times are in agreement with those derived from other methods for the entire protein, indicating that the calcium ions are bound rather rigidly. Aramini et al. studied a series of calcium-binding lysozymes and alactalbumins and conclude, on the basis of 43 Ca NMR data, that there is an evolutionary link between these two classes of protein.
Calcium-43 NMR studies of calcium-binding biomolecules
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The ranges for 43 Ca chemical shifts and quadrupolar coupling constants for calcium ions bound to b-trypsin, lysozymes and alactalbumins, calbindin D 9K , and EF-hand proteins are depicted in Fig. 9 .
11 One can clearly see from this summary how 43 Ca NMR can rapidly provide qualitative information on the calcium binding site of a protein, given the chemical shift resolution between the different types of proteins. A quantum chemical study of 43 Ca NMR parameters for calcium binding sites in organic complexes and metalloproteins shows that the HF/6-31G* level of theory provides good agreement with experiment for chemical shifts and quadrupolar coupling constants. 33 A combined experimentalcomputational approach making use of these results should prove to be useful in future SSNMR studies aiming to characterize unknown Ca 2+ binding sites. Kwan et al. recently presented direct 43 Ca NMR evidence for Ca 2+ binding to guanosine quartets (G-quartets) in solution. Gquartets have generated attention for the important role they play in molecular biology and nanotechnology. Their study is an excellent combined application of standard 1 H NMR experiments, along with 43 Ca NMR and quantum chemical calculations of the calcium magnetic shielding tensors. Mass spectrometry confirmed that the complex formed was the calcium complex of the 2¢,3¢,5¢-O-triacetylguanosine octamer (TAG 8 Ca 2+ ). Four models of the calcium complex were used as the basis for the calculations. The models were based on the geometries about calcium from known crystal structures, or on a purely quantum chemicallyoptimized model. The experimental 43 Ca chemical shift of -43 ppm (60 mM in CDCl 3 ) for TAG 8 Ca 2+ was best reproduced by quantum chemical methods using a HF/6-311++G** calculation on a model built from the crystal structure of a Sr 2+ complex of 5¢-silyl-2¢,3¢-O-isopropylidene guanosine 59 (where the Sr 2+ was replaced with Ca 2+ ). On the basis of computed results for the four models, a correlation between 43 Ca chemical shifts and the average Ca-O distance was seen, in agreement with correlations presented previously (vide supra). For the TAG 8 Ca 2+ complex, it was predicted that the average Ca-O bond distance is 2.70 ± 0.05 Å . It has been shown previously that calcium ions may play an important role in the polymorphism of DNA complexes, 60 and therefore 43 Ca NMR could make significant contributions to future studies of such complexes.
Concluding remarks
The field of 43 Ca NMR spectroscopy, particularly in the solid state, has expanded swiftly over the past decade. Overall, the number of applications is still relatively small. Probing calcium binding environments in biomolecules and materials has always been and continues to be important, but it is only recently that 43 Ca SSNMR experiments have begun to consistently yield useful spectra and new insights. The traditional difficulties in obtaining 43 Ca SSNMR spectra, namely the low natural abundance of 43 Ca and its low resonance frequency, have been addressed in a significant way by the availability of stronger magnetic fields in commercial spectrometers, and, to a lesser extent thus far, the development of pulse sequences affording enhanced signal-to-noise. Nevertheless, 43 Ca NMR spectroscopy generally remains a challenging endeavour. The brute force approach of isotopic enrichment will yield the most substantial gains in signal-to-noise; however, general application of this method often remains prohibitively expensive. It seems imperative then that further application, and perhaps development and fine-tuning, of pulse sequences optimized specifically for spin-7/2 nuclei be pursued.
Characterizing calcium binding sites in solid metalloproteins is one of the next frontiers in 43 Ca SSNMR. Solution NMR as well as computational work suggests that the spectra will be of reasonable breadth and that the spectra will be sensitive to the calcium coordination number and local geometry. Applications in geology, glass science, cement science, and in studying small inorganic and organic complexes will continue to provide important structural insights. As higher magnetic fields continue to play a role in 43 Ca SSNMR studies, one may anticipate increased spectral resolution under MAS conditions. Concomitantly, quadrupolar parameters may become less accessible. Under stationary conditions, chemical shift tensor parameters will become more accessible and this tensor may become a generally applicable probe of structure as has already been demonstrated in a few cases.
8,27, 34 Quantitative and semi-quantitative distance measurements involving 43 Ca 34 will also create new opportunities for structure elucidation.
